In this study, acrylamide (AM), allyl polyethylene-1000 (APEG), octadecyl dimethyl allyl ammonium chloride (DMDAAC-18), and sodium styrene sulfonate (SSS) were chosen to synthesize a quadripolymer (HPAAT) in which a hydrophobic association exists between the molecules. The critical concentration of the hydrophobic association was determined using fluorescence spectrophotometry. Furthermore, HPAAT formed films by adsorbing onto a carbonate rock surface. The molecular structure of HPAAT was characterized using Fourier-transform infrared spectroscopy and 1 H-NMR spectroscopy, the results showed that the obtained product was consistent with the target product. The intrinsic viscosity was determined using an Ubbelohde viscometer. The molecular weight and dispersion exponent of HPAAT were determined using gel permeation chromatography. Addition of HPAAT into 20% HCl decreased the reaction rate of the acid rock obviously, even at a low viscosity. Variation of the reaction rate with time with different amounts of HPAAT was investigated using the volume of carbon dioxide gas produced. The adsorption and desorption of HPAAT on a carbonate rock surface were demonstrated using infrared spectroscopy analysis, scanning electron microscopy and ultraviolet spectrophotometry.
Introduction
Acidication is the main means of increasing oil and gas production. The injected acid fully covers the entire layer to be processed, and this is the key to the success of the acidication operation. However, when the acid solution is injected into the stratum, the fast reaction rate between the hydrochloric acid and carbonates means that the acid cannot penetrate into the deepest places in the carbonate reservoir. Priority is given to the formation of fractures with high permeability, while a layer with low permeability cannot be treated. The reason for the low permeability of the reservoir could be due to two reasons: one is that the reservoir is a naturally low permeability reservoir (II reservoir); the second is that the permeability of oil reservoirs are reduced owing to the pollution close to the well in the process of oil and gas development. [1] [2] [3] [4] These unprocessed segments mean that production will be reduced and a certain amount of the reserves will be lost. Therefore, retarded acid technology is applied to give deep acidication in order to improve the effect of acid treatment, see Fig. 1 .
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There are two ways to increase the retardation rate: one is to reduce the diffusion rate of the hydrogen ions by increasing the viscosity of acids. 6 and the other is to separate the acid solution from the rock by forming a lm on the rock surface, thus reducing the reaction rate between the acid and the rock. 10 Recently, gelled acids have effectively improved the permeability of reservoirs as retarded acids have attracted the interest of many researchers. A gelled acid is usually composed of HCl as the base-acid and a polymer gelling agent as an addictive. The gelled acid reduces the diffusion rate of H + to the rock surface owing to its high viscosity and reduced ltration. However, it is difficult to penetrate into the deeper positions in the reservoir and ow back owing to the high viscosity. In this study, the acid rock reaction was slowed down mainly by forming a lm on the surface of the rock. Polymers are widely used, to date, various polymers have been successfully fabricated into nanobrous membranes via electrospinning and have been evaluated for air ltration.
11 Polymeric materials have contributed signicantly to the development and improvement of medical devices and systems. Novel designed polymers using ion-beam modication methods have been studied to improve blood and tissue compatibility. 12 The hydrophobic associative polymer can form a network structure by intermolecule association in a dilute solution at a certain concentration, which can cause an increase in the elastic and viscous modulus of the polymer acid solution and helps to slow down the reaction between the acid and the rock. applications, the hydrophobic associating polymer is adsorbed on the reservoir to allow the interaction of the polymer and the reservoir, which may have some benecial effects on the reservoir. 21 The ability of the hydrophobic associative polymer adsorbed onto rock surfaces has attracted the attention of many researchers. However, research into the adsorption behavior of hydrophobic associative polymers and the adsorption capacity and adsorption rate have not been fully explored.
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Owing to the aforementioned problems, it is particularly important to study retarded acids that have a low viscosity and good adsorption. In our study, acrylamide (AM), allyl polyethylene-1000 (APEG), octadecyl dimethyl allyl ammonium chloride (DMDAAC-18), and sodium styrene sulfonate (SSS) were chosen to synthesize a type of hydrophobic association polymer (HPAAT), the copolymer could form a thin lm by adsorbing on the rock when used as a retarded additive. The aim of the study was to research the adsorption and desorption behavior in the acid rock reaction, including the effect of the addition of the polymer.
Experimental

Materials
The AM, SSS, anhydrous ethanol, calcium carbonate (teaching reagent) and hydrochloric acid were obtained from Kelong, Chengdu, China and were all analytical-reagent grade chemicals. APEG-1000 was purchased from the Haian petrochemical plant, Jiangsu, China. The DMAAC-18 was of an industrial grade and was obtained from Jiangsu Fumiao Chemical Reagent Factory (China). Azodiisobutyronitrile hydrochloride (V50) was purchased from the Ipres Technology Company (China).
Synthesis
First, DMAAC-18 (0.56 g) was dissolved in 22.12 g of distilled water in a three-necked ask, and then AM (6.82 g), APEG-1000 (2.0 g) and SSS (0.103 g) were added into the solution, the solution was stirred until these were completely dissolved. Next, the initiator V50 (0.0113 g) was added into the solution, and was reacted for 5 h at 50 C. Finally, the product was cut up and washed several times with ethanol. Aer washing, the product was dried at 50 C to a constant weight, and the polymer was obtained. The molecular structure of HPAAT is shown in Scheme 1.
Characterization and experimental measurements
2.3.1 Infrared spectroscopic analysis. The pellet samples were prepared by pressing the mixture of the copolymer and KBr powder, these were then characterized using Fourier transform infrared spectroscopy (FTIR) (WQF-520, China) in the range between 4000 and 500 cm À1 .
2.3.2 1 H-NMR spectroscopy. HPAAT was dissolved in D 2 O and the structural characterization of HPAAT was performed using 1 H-NMR (Ascend 400 MHz, Switzerland).
2.3.3 Gel permeation chromatography. The molecular weight of HPAAT was measured using gel permeation chromatography (GPC). Samples (5 mg) were dissolved in a mixture of 1 mL acetonitrile and water (AN, H 2 O volume ratio 3.5 : 6.5, using the same mobile phase), and ltered using a 0.45 mm lter membrane. These measurements were performed at room temperature (23 C) for 90 min.
2.3.4
Determination of intrinsic viscosity. First, 0.05 g of the dried and pulverized HPAAT powder was weighed into a beaker, and then dissolved by adding a small amount of 1 mol L À1 sodium chloride solution. Then, the fully dissolved polymer solution was diluted into a 50 mL volumetric ask, and placed in a 1 g L À1 slow-adjusting admixture solution for later use. Next, a constant temperature water bath was set to 30 AE 0.05 C. The time taken for the congured sodium chloride solution to ow through the Ubbelohde viscometer was determined, this was measured three times in parallel, and the average value was recorded as t 0 . The time taken for the HPAAT solution to ow through the Ubbelohde viscometer was measured. Finally, the solution was gradually diluted with the congured sodium chloride solution (relative concentration, c), and the time taken to ow through the Ubbelohde viscometer was measured. À3 mol L À1 in ethanol) was pipetted into a clean 5 mL volumetric ask with a micro sampler and the methanol was dried using nitrogen, aer the ethanol had been dried, the required amount of HPAAT and 20% HCl were dissolved in a volumetric ask and subjected to ultrasound for 0.5 h.
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The HPAAT acid was placed at room temperature for 36 h as a backup. A uorescence spectrophotometer was used to scan the pyrene solution. The strength of the rst shock peak (373 nm) of the pyrene solution is represented as I 1 , and I 3 represents the strength of the third shock peak (384 nm). The uorescence test conditions used were: a uorescence excitation wavelength of 335 nm, the excitation and emission slits were both 2.5 nm, the scanning range used was 350-550 nm, the scanning speed was 240 nm min À1 , and the voltage was 700 V.
2.3.6 Environmental scanning electron microscopy. The surface morphology and the volume changes of the carbonate were observed using environmental scanning electron microscopy (SEM, JSM7500F, Japan) at ambient temperature. The pictures were obtained at an amplication of 5000 times their real size.
2.3.7 Ultraviolet-visible spectroscopy. The polymer content in the acid solution was detected by the colorimetric method using ultraviolet-visible spectroscopy (UV-vis, PerkinElmer LS55, USA) with wavelengths of 0 to 400 nm.
2.3.8 Determination of the retarding rate. First, the marble was cut into cubes of 20 Â 20 Â 20 mm, then the surface area of the marble rock sample was calculated. The samples were dried in an oven and the mass was weighed. Next, a volume of 20% hydrochloric acid was placed into a beaker according to the rock sample, per unit surface area this corresponded to 20 mL hydrochloric acid. The calculated amount of the polymer powder was added into the solution and stirred until it was completely dissolved. Finally, the marble rock sample was put into the acid solution and reacted for 10 min at 75 C, then the remaining marble rock sample was taken out quickly, rinsed and put into the oven to dry before being weighed. The blank experiment was performed in the same way as the above described evaluation method. The carbonate sample is shown in Fig. 2 and the calculation formula of retarding rate is as follows.
In which, Dm is the dissolution mass of the rock sample (g), m 1 is the mass of the rock sample before the reaction (g), and m 2 is the mass of the rock sample aer the reaction (g).
In which K is the retarding rate (%), V 0 is the reaction rate of the HPAAT acid and the rock (mg (cm 2 s À1 ) À1 ), and V a is the ). 2.3.9 Reaction rate of HPAAT. The calcium carbonate rocks were encased in epoxy resin, leaving only one side exposed for which the area (S) was 5 cm 2 . The CO 2 gas produced by the reaction of the polymer acid solution and the calcium carbonate rocks was collected using a CO 2 gas-collecting device. 10 The acid-rock reaction rate was calculated using the volume of the collected CO 2 .
27-29 The formula used is as follows:
In which, u is the reaction rate of the HPAAT acid and the carbonate rock (g cm À2 min À1 ), n (CaCO 3 ) is the amount of CaCO 3 in mol, M (CaCO 3 ) is the molar mass of CaCO 3 in g mol À1 , n 2 is the amount of substance of CO 2 in mol, V 2 is the volume of CO 2 gas per unit of reaction time (mL), V 1 is the molar volume at 25 C, S is 5 cm 2 , and t is the reaction time (min).
3 Results and discussion
Characterization of the polymer
It can be seen from 09(m, -CH 3 ), 1.25-1.36 (c, -(CH 2 ) 15 -), 1.62 (r, l, 
. The results of the 1 H-NMR analysis were combined with the FTIR spectra shown in Fig. 3 , we concluded that the obtained product was basically consistent with the designed molecule, which has been synthesized successfully. The GPC data for HPAAT are shown in Table 1 .
The results showed that the average weight of the polymer was lower.
As can be seen from Table 2 , the intrinsic viscosity of the retarded acid was 114.65 mL g
À1
. The intrinsic viscosity was determined using a Ubbelohde viscometer and the viscosity curve for HPAAT is shown in Fig. 5 .
Critical concentration point of the hydrophobic association
As can be seen from Table 3 , the reduced viscosity of the polymer acid solution is consistent with the results of the GPC tested previously. When the concentration increased from 0.7 to 0.8 wt%, the initial viscosity showed a signicant increase that was determined by the apparent viscosity. The sudden increase in viscosity was due to the hydrophobic association, and the predominate intramolecular aggregation turned into predominately intermolecular aggregation. The apparent viscosity can reect the hydrophobic correlation effect on the macro level, whereas the hydrophobic association properties of the polymer at a molecular level can be revealed using uorometry. Nonpolar pyrene can be used as a uorescence probe to reect the intensity of the hydrophobic association effect, as nonpolar pyrene can solubilize into the hydrophobic region. According to the ratio of the uorescence absorption intensity at 373 nm compared to that at 384 nm (I 1 / I 3 ), the solubility of pyrene can be concluded. The more polar the microenvironment around the pyrene probe, the higher the value of I 1 /I 3 . When the intramolecular aggregation turns predominately into intermolecular aggregation, the value of I 1 / I 3 shows an obvious decrease. Fig . 6 shows the value of I 1 /I 3 at different mass concentrations of the polymer acid solution. When the concentration surpassed 0.74 wt%, the value of I 1 /I 3 fell abruptly, which was therefore considered to be the critical concentration of the hydrophobic association. To some extent, this is consistent with the results previously determined using the apparent viscosity. This result indicated that when the concentration of the polymer acid solution was larger than 0.74 wt% many hydrophobic areas were formed in the solution, while the polarity of the surrounding microenvironment was weakened.
Retarding capability test
It can be seen from Fig. 7 that as the concentration of HPAAT increased, the retarding rate also increased. When the concentration of HPAAT ranges from 7000 to 8000 mg L À1 , the increased trend in the retarding rate is basically stable, which is about 5%.
In summary, it is not the hydrophobic association that effects the retarding rate of the polymer acid solution. The reason may be that the polymer adsorbs onto the carbonate surface during the acid-rock reaction.
Determination of the reaction rate
As can be seen from Fig. 8 , with the increasing polymer concentration, the amount of carbon dioxide produced during the acid-rock reaction decreased. As shown in Fig. 9 , as the time increased, the rate of the reaction rst decreased and later increased. The results showed that the reason for the reducing reaction rate of the acid rock is because the polymer solution formed a thin lm on the surface of the carbonate rock, which impeded the contact between H + and the surface of the carbonate rock. As the reaction continued, the reaction rate dropped to a minimum and the adsorption reached saturation. The reaction time required to reach adsorption saturation also increased as the polymer concentration increased. With the continued reaction, the polymer broke off from the rock surface, and the dissolution rate increased in an obvious manner. Finally, the reaction rate gradually decreased, mainly owing to the consumption of H + and the formation of a large amount of Ca 2+ .
Mensuration of adsorptiondesorption
UV spectrophotometric analysis of polymer solutions
The test sample was prepared by mixing 0.8 g of the polymer powder with 100 mL of 20% HCl in a conical bottom glass tube, this was then made into a polymer acid solution of 8000 mg L À1 , the solution underwent ultrasonic vibration for 30 min and was le to rest for 24 h. Aer the repose time, the test samples were prepared, the prepared solution of 8000 mg L À1 was diluted with 20% HCl, to obtain samples (solutions 1-8) with nal concentrations from 1000 to 8000 mg L À1 , all samples were prepared at ambient temperature. The absorbance of the diluted samples was obtained using 100 mm optical path quartz cells in an ultraviolet-visible spectrometer (UV-vis, PerkinElmer LS55, USA) at a selected wavelength of 233.7 nm. 30 The results are shown in Fig. 10 .
The linear relationship between the absorbance and the mass concentration can be observed in Fig. 10 . The corresponding HPAAT concentration can be found by the absorbance, which was detected using UV-vis spectroscopy. The absorbance at the maximum adsorption point was determined using UV-vis spectroscopy. The mass concentration was found by referring to the standard curve displayed above, thereby calculating the amount of adsorption. The polymer adsorption on the rock surface was measured using the depletion method.
31
As shown in Fig. 11 , the absorbance of HPAAT acid at the initial, maximum adsorption point and maximum desorption point can be clearly seen.
Formula for calculation of the adsorption amount:
In which, Q is the adsorption amount (mg g À1 ), C 0 represents the initial concentration of HPAAT acid (mg L À1 ), C is the concentration of HPAAT acid aer adsorption (mg L À1 ), and w is the carbonate concentration in the polymer-calcium carbonate dispersion (g L À1 ).
As the xed reaction contact is 5 cm 2 during the acid-rock reaction, the carbonate concentration in the polymer-calcium carbonate dispersion is approximately equal, therefore the amount of adsorption can be expressed by the difference in concentrations. According to Fig. 12 , as the concentration of the retarded acid increased, the difference between the concentration (absorption amount) at the maximum adsorption point and before the reaction gradually increased during the acid-rock reaction. Therefore, the higher the concentration of the retarded acid, the greater the amount of adsorption during the acid-rock reaction. 
SEM analysis of the carbonate
Scanning electron microscopy was performed on the rock to explore whether the adsorption of the polymer acid solution on the rock surface is affected by hydrophobic association, as well as to investigate the micro-morphology of the rock surface before and aer the adsorption of the polymer during the reaction of the acid and the rock. The results are shown in Fig. 13 . Fig. 13a shows the SEM results demonstrating the roughness of the rock surface without the acid rock reaction. As shown in Fig. 13b , a thin-layer lm was formed on the carbonate sample that was treated with 20% HCl and 5000 mg L À1 polymer acid solution for 40 min, and the carbonate rock surface looked smooth. As shown in Fig. 13d , for the carbonate sample that was treated with the polymer acid solution for 55 min a large number of cracks and voids were formed, meanwhile the thin lm broke away from the carbonate surface and only a small amount of polymer remains. By comparing Fig. 13c with Fig. 13b it can be seen that the adsorption of the polymer on the calcium carbonate surface is signicantly increased. As seen in Fig. 13e the adsorption lm broke away from the carbonate surface. This showed that the added polymer could be absorbed onto the carbonate rock surface, and desorbed from the carbonate, leaving a small amount of polymer on the surface of the rock, with very little damage to the rock.
Infrared spectroscopy analysis of the carbonate rock surface
In this study, the infrared spectra of the carbonate rock surface were determined using WQF-520 Fourier-transform infrared spectroscopy at various points at which the rock and the 0.5 wt% HPAAT acid reacted. The surface changes of the carbonate rock samples before and aer the acid-rock reaction were veried. The results are shown in Fig. 14 . According to the infrared spectrum analysis, the carbonate rock spectrum before the reaction showed peaks at 3442.32, 2985.27, 2869.56, 2508.94, 875.52, 703.89 and 1600-1300 cm À1 .
These broad and strong absorption peaks are the absorption vibration peaks of calcium carbonate. The marble samples were dissolved for 40 min (the maximum adsorption point of 0.5 wt% HPAAT). Compared with the absorption peaks of before the reaction (Fig. 14a) and the maximum adsorption point (Fig. 14b) , the C]O stretching vibration peak of the amide group at 1625.69 cm À1 at the maximum adsorption point indicates that during the acid-rock reaction the HPAAT was adsorbed onto the surface of the carbonate. It can be seen from the carbonate at the maximum desorption point (Fig. 14c ) compared with the carbonate rock before dissolution (Fig. 14a ) that the infrared analysis spectrum of the two are consistent, and the C]O stretching vibration peak without the amide group indicates that the HPAAT has been taken off the marble surface.
Conclusions
In this study, a copolymer with a low viscosity and adsorption was developed to address the disadvantages of the short penetration distance, and the difficulty in injection and owback in the process of acidication in oil and gas elds. HPAAT was obtained by free radical aqueous solution polymerization using four monomers: AM, APEG, DMAAC-18 and SSS. The initial viscosity and residual viscosity of the HPAAT were lower, which is benecial to the injection and the owback. The HPAAT adsorbed and formed a protective lm on the carbonate, preventing the hydrogen ions from contacting the rock surface and improving the retarding effect of the acid. The molecular structure of HPAAT was characterized using FTIR and 1 H-NMR spectroscopy. The weight-average molecular weight (M w ) was 2.7 Â 10 5 , the number-average molecular weight (M n ) was 1.0 Â 10 5 , and the polydispersity was equal to 2.62. Analysis was conducted for HPAAT at the concentrations of 5, 6, 7, 8 and 9 g L
À1
The apparent viscosity showed that HPAAT at 7 g L À1 has a high retarding efficiency and the viscosity of the acid remained under 10 mPa. The retarding capability test implied that the absorption of HPAAT on the surface of the carbonate rock hindered the contact between H + and the surface. The SEM, infrared spectrum analysis, and UV analysis implied that before and aer the hydrophobic association the polymer adsorbed onto the surface of carbonate and formed a layer of adsorption lm. Aer the acid and carbonate rock reacted, the absorption lm was broken away from the surface of the carbonate, and a small amount of polymer remained on the carbonate surface and formed lots of cracks and voids. Therefore, the adsorption and desorption inuenced the reaction rate of the acid and the carbonate. We plan to conduct further research on the application of the copolymer in the future.
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